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Abstract:  By applying electromagnetic ﬁ  eld to a system consisting of tungsten wires and grey cast iron melt, 
the grey cast iron matrix composite reinforced by either in-situ WC particles or the combination of in-situ WC 
particles and the residual tungsten wire was obtained. By means of differential thermal analysis (DTA), the pouring 
temperature of iron melt was determined at 1,573 K. The microstructures of the composites were analyzed 
by using of X-ray diffraction (XRD), scanning electron microscopy (SEM) equipped with an energy dispersive 
spectrum (EDS) and pin-on-disc abrasive wear test. The obtained results indicated that, with the enhancing 
frequency of electromagnetic ﬁ  eld, the amount of in-situ WC particles gradually increases, leading to continuous 
decrease of the residual tungsten wires. When the electromagnetic ﬁ  eld frequency was up to 4 kHz, tungsten 
wires reacted completely with carbon atoms in grey cast iron melt, forming WC particals. The electromagnetic ﬁ  eld 
appeared to accelerate the elemental diffusion in the melt, to help relatively quick formation of a series of small Fe-
W-C ternary zones and to improve the kinetic condition of in-situ WC fabrication. As compared with the composite 
prepared without the electromagnetic ﬁ  eld, the composite fabricated at 4 kHz presented good wear resistance. 
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ungsten carbide (WC) particles reinforced iron matrix 
composite was increasingly investigated, because it 
has excellent properties satisfying the requirements as wear 
and corrosion resistance materials for mechanical, mining, 
chemical and process industries 
[1-2]. Traditionally, the 
composite was prepared by various processing techniques 
such as hot isostatic pressing, high velocity oxygen fuel, laser 
cladding, thermal spray coating, inﬁ  ltration casting and spark 
plasma sintering 
[3-5]. Among these techniques, the reinforcing 
WC particles are combined with the matrix material by ex 
situ methods, in which the scale of the reinforcing phase is 
limited by the starting powder size, the interfacial reaction 
and wettability between the reinforcements and the matrix 
due to surface contamination of the reinforcements 
[6-7]. To 
overcome the problems of ex situ methods, in situ process 
techniques have been put forward, in which the reinforcements 
are synthesized in metallic melt by chemical reactions among 
elements or between an element and a compound during 
the composite fabrication. The in situ process techniques 
exhibit the following advantages 
[8]: (a) the in situ formed 
reinforcements are thermodynamically stable in the matrix, 
leading to less degradation in elevated-temperature service; 
(b) the reinforcement-matrix interfaces are clean, resulting in a 
strong interfacial bonding.
Previously, many literatures about in-situ synthesis of 
carbides mainly focused on TiC, VC, (Ti,W)C and ZrC in 
matrix materials such as Al, Ni, Fe and Co. However, no paper 
was related to the synthesis of the simple hexagonal tungsten 
carbide (WC) particles, especially in iron matrix. The objective 
of this paper is to investigate in-situ synthesis of WC particles 
by applying electromagnetic ﬁ  eld to the system consisting of 
tungsten wires and molten grey cast iron, and to obtain the 
composites reinforced by either WC particles or both the WC 
particles and the residual tungsten wires. It is expected that 
the preliminary results from this study be significant in the 
development of in-situ synthesis of high-quality WC particles 
reinforced gray cast iron matrix composite.  
1 Experimental procedures
Tungsten wire (99.7 wt. % purity, 0.20 mm in diameter), 
copper wire (99.5 wt. %, purity, 0.30 mm in diameter) and 
grey cast iron (3.32 C, 1.54 Si, 0.47 Mn, 0.024 P, 0.020 S, and 
balance Fe, all in wt. %) were selected as the starting materials. 
Firstly, to ensure uniform distribution of the reinforcements, CHINA FOUNDRY Vol.7 No.2
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the tungsten mesh was weaved, using tungsten wire and copper 
wire (Fig. 1(a)). A series of sockets were machined in two 
sides of a graphite crucible by electro-discharge machinery, 
and several patches of tungsten meshes were inserted into the 
sockets to avoid movement of tungsten wire during pouring. 
The graphite crucible was set within an electric-resistance 
furnace at 1,573 K, and the electric resistance furnace was 
placed into an electromagnetic ﬁ  eld as seen in Fig. 1(b).
Fig.1: Tungsten wire mesh (a) and schematic diagram of the experiments (b)
Secondly, the grey cast iron was melted in a mid-frequency 
induction furnace, and the molten metal was poured into the 
graphite crucible at 1,573 K. In the experiments, the input 
current of the electromagnetic field was constantly 15 A, 
and the frequencies were 0, 1, 2, 3 and 4 kHz, respectively. 
After 5 min from the end of pouring, the electromagnetic 
field was turned off. The graphite crucible and the molten 
began to cool slowly to room temperature inside the electric 
resistance furnace. Finally, the composites were shaken out of 
the graphite crucible. The microstructures of the composites 
were investigated using X-ray diffraction (XRD) and scanning 
electron microscopy (SEM) equipped with an energy 
dispersive spectrum (SEM-EDS).
To determine the pouring temperature, differential thermal 
analysis (DTA) was performed using a NETZSCH STA449C 
unit. The schematic diagram of the DTA specimen was shown 
in Fig. 2(a). The specimen was heated at the rate of 10℃/min 
up to a maximum temperature of 1,400 ℃, and cooled to room 
temperature. The entire test process was conducted in high-
purity argon gas environment using a ﬂ  ow rate of 150 mL/min.
The pin-on-disc abrasion test using 120-grit Al2O3 abrasive 
paper was carried out. The wear pin specimen for the pin-
(a) (b)
on-disc tests was a cylinder with one end in contact with the 
abrasive paper on the disc. Its size was 6 mm in diameter 
and 30 mm in length. Following a run-in period, tests were 
conducted at 1.5 kg load over a wear path of about 37.68 mm on 
a fresh sheet of abrasive paper. After one running-in test, three 
tests were performed on each specimen. The wear resistance 
(β) determined in the pin-on-disc abrasive wear test is given in 
terms of the ratio of weight loss to area of the tested specimen:
2 Results and discussion
2.1 DTA
Three endothermic peaks and one exothermic peak were 
observed in Fig.2(b). The first endothermic peak with a 
maximum at 772.79 ℃ arises from allotropic change Feα→Feγ. 
The result is in line with that reported in literature 
[9]. The 
decrease from 912 ℃ (value for pure iron) is mainly caused 
by carbon diffusion in the iron, and the second and third 
Fig.2: Schematic diagram of the DTA specimen (a) and the result (b)
(a) (b)
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endothermic peaks (maxima at 1,160.12 ℃, 1,292.67 ℃, 
respectively) are believed to arise from melting of matrix and 
dissolution of tungsten into the molten iron. The exothermic 
peak with a maximum at 1,339.92 ℃ may be attributed to 
intermetallic compound exothermic reaction.
2.2 Microstructure analysis
Figure 3 shows the SEM microstructures of the fabricated 
composite when the electromagnetic field frequency was at 
zero. Tungsten wires were uniformly distributed in the matrix, 
and the intervals of tungsten wires were around 0.5 mm and 
0.8 mm in the horizontal and vertical directions, respectively 
(Fig. 3 (a)). The copper wires were melted as alloy element, 
Fig.3: Microstructures of composite without the electromagnetic ﬁ  eld
(a) Lower magniﬁ  cation                                                   (b) Higher magniﬁ  cation
(a) (b)
which is advantageous to improve the mechanical behaviors 
of grey cast iron 
[10]. Graphite ﬂ  akes were formed during the 
solidiﬁ  cation process, which basically controls the mechanical 
properties of the grey cast iron 
[11]. The thickness of the 
diffusion zone between tungsten wires and matrix was about 
10 μm, suggesting that the interface between the matrix and 
the tungsten wires was in metallurgical bond (Fig. 3(b)).
Figures 4 (a)-(d) show the SEM micrographs of the 
composites prepared with different electromagnetic field 
frequencies. When the electromagnetic field frequency was 
1 kHz, as shown in Fig. 4(a), some typical WC particles 
were formed in triangular and polygonal shapes as well as 
in agglomerate forms, and these particles presented and 
Fig.4: Microstructures of composites with different electromagnetic ﬁ  eld frequencies: 
1 kHz (a), 2 kHz (b), 3 kHz (c) and 4 kHz (d)
(a) (b)
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distributed surrounding the residual tungsten wires. Fewer 
graphite flakes appeared near the tungsten wires, and much 
more existed far away from the tungsten wires, indicating 
strongly that the reaction must have taken place between 
tungsten wires and carbon atoms from the molten metal, and 
the un-reacted carbon atoms were transformed into graphite 
ﬂ  akes during subsequent solidiﬁ  cation/cooling. The thickness 
of the diffusion zone was about 20 μm. The average diameter 
of the residual tungsten wires was about 0.16 mm. According 
to the cross-section changes of tungsten wires before and after 
the reaction, the calculated reaction rate was 36 %.
With enhancement of frequency from 1 to 2 kHz, the 
amount of WC particles increased (Fig. 4(b)). The thickness 
of the diffusion zone reached 30 μm, the average diameter 
of the residual tungsten wires was about 0.12 mm, and the 
calculated reaction rate of tungsten wires was 64 %. Moreover, 
there were some net-like structures appeared, similar to the 
microstructure described in the Ref. [12], and the ternary 
eutectic γ/WC/ M6C was found. When the electromagnetic 
field frequency was up to 3 kHz, the number of tungsten 
carbides significantly increased. WC particles became finer 
with dispersed distribution around the residual tungsten wires, 
and the agglomerate particles nearly disappeared (Fig.4(c)). 
The average diameter of the residual tungsten wires was about 
0.08 mm, and the calculated rate reaction of tungsten wires was 
84%. But, in this case, the thickness of the diffusion zone did 
not appear to increase continuously. When the electromagnetic 
field frequency was raised further to 4 kHz, tungsten wires 
reacted with carbon atoms completely, and a larger number of 
WC particles formed as illustrated in Fig. 4(d).
Figure 5 gives the XRD patterns of the composites, which 
include W, Fe, WC and negligible M6C peaks. With the 
increasing of electromagnetic ﬁ  eld frequency, the WC peaks 
gradually raise, while W peaks decline. The EDS analysis 
results for triangular particles (Point A) and polygonal particles 
(Point B) of Fig. 4(a) indicate that the chemical compositions 
(at.%) of the triangular and polygonal particles are 50.31 W, 
48.92 C, 0.77 Fe and 49.29 W, 48.43 C, 2.28 Fe, respectively. 
The chemical analysis of both particles found a low iron 
solubility of about 0.7at.%-2.3 at.% Fe. This phenomenon may 
Fig.5: XRD patterns of composites with different 
electromagnetic ﬁ  eld frequencies
be assumed that the carbides which form ﬁ  rst from the molten 
metal are MC1-x, possibly due to an easier nucleation than WC 
carbides. On subsequent cooling, these meta-stable carbides 
undergo an internal transformation into WC carbides, and a 
little iron is embedded in the WC carbides (designated as WCFe 
carbides). According to the EDS and XRD analysis results, the 
white particles can be identiﬁ  ed as the WC carbides.
2.3 Mechanism of the formation
Because the electromagnetic stirring improves the flow of 
the liquid metal and changes the temperature distribution in 
the melt, the (mechanical, thermal and chemical) conditions 
of phase interaction in the liquid metal are changed. On the 
other hand, the electromagnetic stirring promotes the rapid 
dissolution of surface atoms of the tungsten wires, and a small 
ternary zone of Fe-C-W containing high tungsten and carbon 
concentration can be attained around the tungsten wires. 
The electromagnetic ﬁ  eld imposed on the melt augments the 
structural and energy ﬂ  uctuations in small zone and decreases 
the critical nucleating power to a certain extent and raises 
the reactant entropy 
[13]. In addition, the fluctuations caused 
by stirring lead to the existence of a large number of growth 
centers in small zone, therefore, the WC particles can be easily 
formed.
When the concentration of carbon and tungsten atoms in 
the small zone is decreased for reaction, the availability of 
both elements can be immediately complemented by the 
electromagnetic stirring. However, the concentration of iron 
continuously increases for not taking part in reaction. Since 
tungsten carbide has higher melting point than that of basic 
iron matrix, it will be retained as solid state. Therefore, the 
gaps between particles are similar to a ﬁ  lter, when elements 
diffuse through the ﬁ  lter, the tungsten and carbon take part in 
the synthesis of WC, and the pore size of the ﬁ  lter becomes 
smaller. Instead, the iron will not react and successfully 
diffuses towards tungsten wire center. With the continuation 
of the reaction, the more WC particles are synthesized, the 
smaller the gap of the inter-particles becomes. Therefore, there 
exist three zones, i.e. the particles zone, the diffusion zone and 
the residual tungsten wire zone, until the reaction is complete 
when the residual tungsten wire zone disappears.
For further explanation of the formation mechanism, the 
interface structure analysis was performed. Figure 6(a) shows 
typical microstructure morphology of the interfaces for all 
composites imposed to an electromagnetic ﬁ  eld. Figures 6(b)-
(c) show the EDS line-scan proﬁ  les of Fe, W, C elements across 
two interfaces as a function of scan distance. The intensities 
of W is decreasing while that of Fe abruptly increasing when 
scanning line meets the ﬁ  rst interface (Fig. 6(b)). This suggests 
that W atoms firstly dissolve from the surface of tungsten 
wire and diffuse to far distances, while iron atoms diffuse 
towards the tungsten wire through the gaps of inter-particles. 
When scanning line passes through the second interface, 
the intensities of W and C is getting higher, while that of Fe 
decreasing rapidly, indicating that there is less iron in the 
particles zone, that the reaction must take place between W and Research & Development
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Fig.6: EDS line-scan proﬁ  les for two interfaces and the results
 (a) EDS line-scan proﬁ  les                                   (b) Interface 1                                                  (c) Interface 2
C atoms, and that there is neither reaction between W and Fe, 
nor between Fe and C. The iron atoms get through the gaps of 
the inter-particles like ﬁ  lter, which is supported by the analysis 
of formation mechanism.
2.4 Wear mechanisms
Figure 7 shows the wear rate of the composite. It can 
be seen that the mass loss decreases with increase in the 
electromagnetic frequency, and that excellent abrasive wear 
resistance can be obtained by selecting the electromagnetic 
frequency of 4 kHz, at which the wear rate of the composite 
is nearly 4 times lower than that of the composite without the 
electromagnetic ﬁ  eld.
The morphologies of the worn surface for the composites 
are shown in Fig. 8. The composite without electromagnetic 
Fig.7: Wear rate of composite specimens 
vs. electromagnetic frequency
Fig.8: Worn morphologies for composites: 0 kHz (a); 1 kHz (b); 4 kHz (c)
(a) (b) (c)
ﬁ  eld suffers severe abrasive wear, and its worn surface is very 
rough with deep ploughed grooves, as shown in Fig.8(a). This 
process occurs when a signiﬁ  cant proportion of the abrasive 
particles are embedded into the surface of the soft matrix and 
act as ﬁ  xed indenters, causing the so-called grooving wear.
When the electromagnetic ﬁ  eld frequency is at 1 kHz, the 
worn surface of the composite become smoother, with only 
slight scratches, as shown in Fig.8(b). This is because there 
are some hard carbide phases acted as physical barriers, 
effectively reinforcing the matrix and protecting it from severe 
abrasion and micro-cutting.
When the electromagnetic ﬁ  eld frequency is further raised 
to 4 kHz, no obvious scratches can be found, due to the 
fact that the composite contains higher volume fraction and 
homogeneous distribution of the very hard WC carbides which 
is extracted with great difficulty from the matrix (Fig.8(c)). 
This novel microstructural characteristic ensures that the 
composite has excellent wear resistance. From the above 
analysis, it can be concluded that the micro-cutting mode is the 
predominant wearing mechanism.
3 Conclusions
By applying electromagnetic field to the system consisting 
of tungsten wires and molten grey cast iron at 1,573 K, the 
grey cast iron matrix composites, reinforced by either in-situ   
formed WC particles or both in-situ  formed WC particles and 
the residual tungsten wires, can be obtained. 
Electromagnetic frequency (kHz)CHINA FOUNDRY Vol.7 No.2
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(1) With increasing electromagnetic field frequency, 
the number of in situ synthesis of WC particles gradually 
increases, and that of the residual tungsten wire continuously 
decreases.
(2) The mechanism analysis considers that electromagnetic 
field accelerates mass transfer processes, contributes to 
formation of a series of small Fe-W-C ternary zones containing 
high tungsten concentration and improves the kinetic condition 
of in-situ WC fabrication.
(3) Compared to the composite prepared without applying 
electromagnetic ﬁ  eld, the composite fabricated at 4 kHz offers 
virtually a unique wear-resistant behavior under the applied 
abrasive wear test condition.
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